We have previously shown that the LG4 (laminin G-like) domain of the laminin α4 chain is responsible for the significantly higher affinity of the α4 chain to heparin than found for other α chains [Yamaguchi, Yamashita, Mori, Okazaki, Nomizu, Beck and Kitagawa (2000) J. Biol. Chem. 275, 29458-29465]; four basic residues were identified to be essential for this activity [Yamashita, Beck and Kitagawa (2004 ) J. Mol. Biol. 335, 1145-1149. By creating GST (glutathione S-transferase)-fused LG1, LG2, LG4 and LG5 proteins, we found that only LG4 is active for the adhesion of human HT1080 cells, human umbilical vein endothelial cells and Drosophila haemocytes Kc167 with a halfsaturating concentration of 20 µg/ml. Adhesion was counteracted by treatment of the cells with heparin, heparan sulphate and heparitinase I. Upon mutating the four basic residues essential for heparin binding within LG4, the adhesion activity was abolished. Pull-down experiments using glutathione beads/GSTfusion proteins indicate a direct interaction of LG4 with syndecan-4, which might be the major receptor for cell adhesion. Neither the release of glypican-1 by treating human cells with phosphatidylinositol-specific phospholipase C nor targeted knockdown of dally or dally-like protein impaired the celladhesion activity. As the LG4-LG5 domain of the α4 chain is cleaved in vivo from the main body of laminin-8 (α4β1γ 1), we suggest that the heparan sulphate proteoglycan-binding activity of LG4 is significant in modulating the signalling of Wnt, Decapentaplegic and fibroblast growth factors.
INTRODUCTION
Laminins are major glycoproteins of basement membranes, and are composed of α, β and γ chains assembled into αβγ heterotrimers via a three-stranded α-helical coiled-coil domain. Currently, 15 heterotrimers of different chain composition have been described containing one of five α (α1-α5), three β (β1-β3) and three γ (γ 1-γ 3) chains [1, 2] . Although certain laminin isoforms such as laminin-10/11 (α5β1γ 1/α5β2γ 1) show widespread tissue distribution, the expression of most laminin isoforms is tissue-specific [3] [4] [5] . This indicates that each laminin isoform has specific functions in controlling adhesion, migration, proliferation, survival and differentiation of tissue cells at specified stages and sites during animal development. For example, laminin-2 (α2β1γ 1) is expressed in the basement membrane of skeletal muscle, and plays an important role in clustering of the acetylcholine receptor at the neuromuscular junction [6, 7] . Laminin-5 (α3β3γ 2) is a constituent of the basement membrane of epithelial tissue, where it creates stable adhesion of epithelium to the connective tissue [8, 9] . Laminin-8 (α4β1γ 1) was first found in endothelial cell lines and 3T3-L1 fibroblasts having a high potential for differentiating into adipocytes [10] [11] [12] . Expression of the laminin-8-specific α4 chain is restricted to vascular endothelial basement membranes of brain, muscle and bone marrow, and perineurium of peripheral nerves, heart, developing skeletal muscle and developing kidney [13] [14] [15] [16] .
In contrast with the α1, α2 and α5 chains, the α4 chain has a truncated N-terminus [12] [13] [14] 17] similar to the α3 chain contained in laminin-5. Like all other α chains, the α4 chain possesses a large C-terminal laminin G-like (LG) domain consisting of five structurally similar, but functionally distinct, modules: LG1-LG5 [17] [18] [19] [20] . Fujiwara et al. [21] showed that the integrin heterodimers α3β1 and α6β1 may function as cell-surface-adhesion receptors for the α4 chain-containing laminin-8. Recombinant laminin-8 produced in a mammalian expression system promoted adhesion of human fibrosarcoma HT1080 cells by binding to α6β1 integrin [22] . The same activity of laminin-8 from RN22 cells was inhibited by antibodies against α4 LG1-LG3, but not against α4 LG4-LG5, suggesting that α4 LG1-LG3 contributes to the adhesion of HT1080 cells [18] . Gonzales et al. [22] suggested that αvβ3 integrin in endothelial cells adhered to α4-chain-containing laminins when it co-distributed in focal contact structures. Moreover, antibodies against αvβ3 integrin inhibited endothelial cell adhesion to a G-domain fragment of the laminin α4 chain [23] . The binding site of the α4 G domain to αvβ3 integrin has been attributed to the LG1-LG2 module pair [24] .
We have shown previously that the G domain of the α4 chain has a substantially higher affinity for heparin than that of other α chains, and specified LG4 to be responsible for this activity [25] . By preparing site-directed mutants covering all basic residues, we have recently identified four basic residues crucial for the binding of LG4 to heparin [26] . Although these data suggested that besides the LG1-LG2 pair, the LG4 domain contains a second site within the laminin α4 chain for interactions with cells probably through cell-surface HSPGs (heparan sulphate proteoglycans), the LG4-LG5 part of the α4 chain has been shown to be proteolytically cleaved in vivo from the main body of laminin-8, and it is not retained within the basement membrane [18, 27] . It is Abbreviations used: Dpp, Decapentaplegic; DMEM, Dulbecco's modified Eagle's medium; ds, double-stranded; FGF, fibroblast growth factor; GST, glutathione S-transferase; HSPG, heparan sulphate proteoglycan; HUVEC, human umbilical vein endothelial cell; LG, laminin G-like; PI-PLC, phosphatidylinositol-specific phospholipase C; RT, reverse transcription. 1 [26] with alanine residues using the QuikChange ® Site-Directed Mutagenesis kit (Stratagene).
Purification of GST-fusion proteins
Small-scale production of GST-fused mouse laminin α4 chain modules LG1-LG5 and GST-LG4 mutants for analysis by SDS/ PAGE and immunoblotting (see Figure 1 ) was carried out with 30 ml cultures. After overnight induction by 1 mM isopropyl-β-D-thiogalactoside, bacteria were collected by centrifugation at 4000 g for 5 min, suspended in 1.0 ml buffer containing 50 mM Tris/HCl (pH 7.4), 2 mM EDTA and a protease inhibitor cocktail (Roche Diagnostics GmbH; 1 tablet/50 ml), and sonicated on ice. Glutathione-Sepharose 4 beads (10 µl; Amersham Biosciences) were added to the extract, incubated for 5 min, washed twice with 1.0 ml PBS containing 0.1 % (v/v) Triton X-100, and the bound proteins were extracted by 20 µl sample buffer for SDS/PAGE. The extraction procedures were completed within 10 min. Largescale production for cell-binding assays was carried out with 3 litre cultures. Recombinant LG modules were purified as described above at a 100-fold scale, and the washed glutathione beads were packed into open columns. The columns were eluted with buffer containing 50 mM Tris/HCl (pH 8.0) and 10 mM reduced glutathione. Eluted fractions were combined and dialysed overnight against 2 litres of buffer containing 50 mM Tris/HCl (pH 7.4). Mouse α4 chain G domain (LG1-LG5) and LG4-LG5 modules were prepared as described [25] .
Antibodies
Rabbit antiserum against mouse laminin α4 chain G domain was generated as described in [25] . Rabbit antisera were generated against GST and mouse laminin α4 LG4-LG5 modules by two injections of the recombinant antigens in complete Freund's adjuvant. Monoclonal antibody 3G10 recognizing heparan sulphate stub epitopes after treatment with heparitinase I [29] was obtained from Seikagaku Kogyo (Tokyo, Japan). Antibody 8G3 recognizing the cytoplasmic domain of syndecan-4 [30, 31] was a gift from Dr Guido David (University of Leuven, Leuven, Belgium).
Cell culture
Human fibrosarcoma HT1080 cells and HUVECs were maintained under a humidified atmosphere containing 5 % CO 2 at 37
• C in DMEM (Dulbecco's modified Eagle's medium) containing 10 % (v/v) foetal bovine serum, 50 units/ml penicillin and 50 mg/ml streptomycin. The Drosophila haemocyte-derived Kc167 cells were maintained under air at 25
• C in HyQ CCM3 serum-free medium (Hyclone).
Cell-binding assays
Cell binding to mouse laminin α4 chain fragments was assayed in 96-well plates (Nunc). For HT1080 cells and HUVECs, plates were coated with various fragments diluted in Dulbecco's PBS overnight at 4
• C, rinsed with Dulbecco's PBS and blocked with 1 % BSA in DMEM (300 µl) for 1 h at 37
• C and washed twice with 0.1 % BSA in DMEM. Cells were trypsinized and returned to DMEM containing 10 % (v/v) foetal bovine serum for 10 min at 37
• C in a humidified atmosphere containing 5 % CO 2 , followed by rinsing twice with 20 µl of serum-free DMEM. A 100 µl volume of the cell suspension (2 × 10 6 cells/ml) were plated on the laminin-fragment-coated wells for 1 h at 37
• C in a humidified atmosphere containing 5 % CO 2 . After washing off unattached cells three times with Dulbecco's PBS, attached cells were stained for 30 min with 0.4 % (w/v) Crystal Violet in 50 % (v/v) methanol. After washing three times with water, cells were dissolved in 50 µl of 0.1 M citrate in 50 % (v/v) ethanol, and the absorbance at 595 nm was measured. For Drosophila Kc167 cells, the laminin-fragment-coated plates were blocked with 1 % BSA and washed with HyQ CCM3 serum-free medium containing BSA. Cells in suspension culture were collected by centrifugation at 70 g for 3 min, and suspended in the same medium at 2 × 10 7 cells/ml, and 100 µl aliquots were incubated in lamininfragment-coated wells for 2 h at 25
• C under air. Other details were as described for the HT1080 cells and HUVECs. To determine the effects of heparin and EDTA on cell binding, cells were pre-incubated with 10 µg/ml heparin (Sigma) or 5 mM EDTA for 10 min and then subjected to the binding assay. The effects of heparan sulphate (Sigma), and chondroitin sulphate A and C (Sigma) were studied as described above by preincubating with these glycan chains at 10 µg/ml. For heparitinase I (Seikagaku Kogyo) experiments, cells were pre-cultured for 2 h with 2 µg/ml cycloheximide, collected as described above, suspended in the same medium, incubated with 0.060 unit/ml of heparitinase I for 90 min, and then subjected to the binding assay.
RT (reverse transcription)-PCR of syndecan mRNAs
To detect the expression of members of the syndecan gene family in HT1080 cells and HUVECs, total RNA was isolated from both cells by the guanidine thiocyanate/phenol/chloroform method [32] . Total RNA digested with RQ1 RNase-free DNaseI (Promega) was incubated for 10 min at 70
• C, chilled on ice, and added to a 25 µl aliquot of a reaction mixture containing 5 µl of M-MLV RT 5× buffer (Promega), 1.25 µl of 10 mM mixture of four dNTPs, 25 units of RNase inhibitor (Promega) and 50 ng of random primers. M-MLV Reverse Transcriptase (200 units), RNaseH Minus (Point Mutant; Promega) were added and the incubation continued for 1 h at 42
• C. Single-stranded cDNAs were amplified by 30 cycles of first PCR using Taq DNA polymerase (Promega). Denaturation was carried out at 94
• C for 1 min, annealing at 60
• C for 30 s, and extension at 74 • C for 2 min. Second PCR was carried out using 2 µl of first PCR products as a template. The amplified first and second PCR products were electrophoresed on 1 % (w/v) agarose gels and sized using HindIII/EcoRI digest of λDNA as the marker. RT-PCR was performed using the following primer sets: syndecan-1 forward primer, 5 -ATGAGGCGCGCG-GCGCTCTGGCTCTGGCTG-3 ; reverse primer, 5 -TCAGGCA-TAGAATTCCTCCTGTTTGGTGGG-3 ; syndecan-2 forward primer, 5 -CCGGAATTCATGCGGCGCGCGTGGATCCTGCT-CACCTTG-3 ; reverse primer, 5 -CCCATCGATCGCATAAAA-CTCCTTAGTAGGTGCCTTCTG-3 ; syndecan-3 forward primer, 5 -ATGAAGCCGGGGCCGCCGCACCGTGCCGGG-3 ; reverse primer, 5 -CTAGGCATAGAACTCCTCCTGCTTGTC-AGG-3 ; syndecan-4 forward primer, 5 -CCGGAATTCATGG-CCCCCGCCCGTCTGTTCGCGCTGCTG-3 ; reverse primer, 5 -CCCATCGATCGCGTAGAACTCATTGGTGGGGGCTT-TCTT-3 .
Immunoblot analysis of syndecan and glypican proteins
HT1080 cells and HUVECs were trypsinized and recovered in DMEM containing 10 % (v/v) foetal bovine serum. After washing with serum-free DMEM, cells (10 6 total) were suspended in 50 µl of serum-free DMEM. For the identification of glypican, cells were first digested with PI-PLC (phosphatidylinositol-specific phospholipase C) [33, 34] (Molecular Probes). After separation of the supernatant by centrifugation at 70 g for 3 min, cells were suspended in 50 µl of serum-free DMEM and treated at 37
• C for 40 min with 0.060 unit/ml heparitinase I. Cells were lysed by adding 30 µl of lysis buffer (PBS containing 2 % Triton X-100 and 1 tablet/50 ml of protease inhibitor cocktail) and centrifuged for 30 min at 70 g. Together with the supernatant from PI-PLC treatment, the supernatants were boiled in reducing sample buffer for SDS/PAGE. After separation by SDS/PAGE on an 8 % polyacrylamide gel, immunoblotting was performed. In brief, separated proteins were transferred on to a nitrocellulose membrane, which was then blocked for 1 h with PBS containing 5 % (w/v) dried skimmed milk and 0.1 % (v/v) Tween-20, reacted with 3G10 (1/1000 dilution) and 8G3 (1/1000 dilution) as a first antibody for 16 h at 4
• C, washed with PBS containing 0.1 % (v/v) Tween-20 and reacted with horseradish-peroxidase-conjugated anti-mouse IgG (1/1000 dilution) for 1 h. The ECL ® (enhanced chemiluminescence) Western-blotting system (Amersham Biosciences) was used for detection of the signal.
Pull down of syndecan-4 bound to GST-LG4
HUVECs cultured in ten 150-mm-diameter dishes were scraped off, suspended, washed with PBS and lysed with 50 mM Tris/HCl (pH 7.4), 150 mM NaCl, 1 % (v/v) Nonidet P40, 0.5 % (w/v) deoxycholic acid, 0.1 % (w/v) SDS and a protease inhibitor cocktail on ice for 30 min. To reduce non-specifically bound proteins, the lysate was pre-incubated on ice with 50 µl of glutathione-Sepharose 4B beads for 10 min. To the supernatant, the same amount of beads preliminarily incubated with GST proteins or GST-LG4 were added respectively and incubated for 1 h on ice. Beads were washed three times with 50 mM Tris/HCl (pH 7.4) and transferred to a digestion buffer containing 20 mM sodium acetate, 5 mM CaCl 2 (pH 7.0) and incubated for 40 min with 0.060 unit/ml heparitinase I at 42
• C. Digests were mixed with reducing sample buffer for SDS/PAGE and boiled. For immunoblot analysis, syndecan-4 bound to GST-LG4 was detected with anti-syndecan-4 antibody 8G3.
RNA-interference of syndecan, dally and dally-like protein in Drosophila Kc167 cells
RNA interference was carried out essentially as described in [35, 36] . Templates for the preparation of ds (double-stranded) RNA were PCR-derived fragments sandwiched by two T7 promoter sequences. The amplified cDNA fragments for each gene were: Drosophila syndecan (nt 329-868, GenBank ® accession no. U03282), dally (nt 689-1528, GenBank ® accession no. U31985), dally-like protein (nt 1-1380, AF317090). Primers for dsRNA were used as follows. Drosophila syndecan forward primer, 5 -TAATACGACTCACTATAGGGAGACCACATGAA-GCCAAAGCAGAAGATTTCCGTA-3 ; Drosophila syndecan reverse primer, 5 -TAATACGACTCACTATAGGGAGACCAC-TGGCGGGAACAGCGGTTGCTGCGGTTC-3 ; dally forward primer, 5 -TAATACGACTCACTATAGGGAGACCACATGGC-GGCCAGGAGCGTGCGGCTAGCG-3 ; dally reverse primer, 5 -TAATACGACTCACTATAGGGAGACCACCAGGGCATTC-ATGAAGACATTGGACAT-3 ; dally-like protein forward primer, 5 -TAATACGACTCACTATAGGGAGACCACATGCTACATC-AGGAGCAACAACAACAA-3 ; dally-like protein reverse primer, 5 -TAATACGACTCACTATAGGGAGACCACAACTCCT-TGCTCTTGAGACTGTTGCGA-3 .
Kc167 cells were plated into six-well multidish plates (Nunc) and transfected with 6 µg of dsRNAs using Effectene Transfection Reagent (Qiagen). After 3 days of incubation, the transfected Kc167 cells were used for the cell-binding assay. To confirm the suppression of mRNA levels, RT-PCR was performed on mRNA preparations from the same Kc167 cells for the cellbinding assay using sets of primers amplifying the sequences of Drosophila syndecan (nt 929-1513), dally (nt 1649-2566), dally-like protein (nt 1441-2295) and Hsc70-3 (nt 1506-1906, GenBank ® accession no. NM 167308) as an internal control. Primers for RT-PCR were used as follows: Drosophila syndecan forward primer, 5 -GACGATGAGGACGATGGCGACGATAA-GGAC-3 ; Drosophila syndecan reverse primer, 5 -GGCGTA-GAACTCGCGGTTATTCGCATTTTT-3 ; dally forward primer, 5 -AGTTCTAGGAGCGAAACGAAATTGTGCTAT-3 ; dally reverse primer, 5 -ACTACAGCTACTAAAGAGCATTGTGACT-AG-3 ; dally-like protein forward primer, 5 -CGAAAGCAGC-AGCAACAGCGACGCAAACAG-3 ; dally-like protein reverse primer, 5 -CAGCAAATCGGCGCAGACGCCACCGAACCA-3 ; Hsc70-3 forward primer, 5 -CAGGCTGGCGTGCTCTC-TGGCGAACAAGA-3 ; Hsc70-3 reverse primer, 5 -CGATCGA-TATCCTCGGGCGTCAGGCGGTTCT-3
RESULTS

The laminin α4 chain LG4 domain has cell-binding activity
To screen the LG modules of the laminin α4 G domain for cellbinding activity, we prepared a series of GST-fusion proteins with LG1-LG5. For this purpose, plasmids with cDNA fragments encoding the amino acid sequences of corresponding LG modules ( Figure 1A) at the 3 end of the GST sequence were constructed. When the Escherichia coli products were analysed by SDS/PAGE after small-scale purification ( Figure 1B ), major bands with expected sizes were detected for each LG module, except for LG3. Since these major bands gave strong signals in immunoblots when tested with antiserum against mouse α4 LG1-LG5 (Figure 1C) , we concluded that the plasmids were constructed correctly. For GST-LG3, the purified preparation showed minor and faster migrating bands ( Figures 1B and 1C) . This might indicate that the configuration of GST-LG3 is sensitive to endogenous proteases. Since this degradation proceeded during largescale purification to prepare samples for the binding assay, no reliable data about its cell binding activity could be obtained.
When the surface of culture dishes was coated with these GST-fusion proteins, only GST-LG4 showed binding activity for both HT1080 cells and HUVECs (Figure 2A ). Since other fusion proteins gave only background absorbance comparable with that of GST alone, we concluded that LG1, LG2 and LG5 have no cellbinding activity. By coating dishes with different concentrations of GST-LG4, we estimated the half-saturating concentration for both HT1080 cells and HUVECs to be approx. 20 µg/ml (Figure 2B) . Microscopy of bound cells ( Figure 2C ) indicated that both cell lines spread on the surface coated with GST-LG4, and the binding density was higher for HUVECs.
α4-chain-containing recombinant laminin-8 binds to integrins α3β1 and α6β1 dimers as cell-surface-adhesion receptors [21, 22] . Binding of the same recombinant laminin-8 to HT1080 cells was inhibited by an antibody against α4 LG1-LG3, but not against α4 LG4-LG5 [18] . Gonzales et al. [22] suggested that αvβ3 integrin in endothelial cells adhered to α4-chain-containing laminins [23] . The binding site of the α4 chain to αvβ3 integrin was localized to the LG1-LG2 pair, since an antibody against residues 919-1207 of the α4 chain inhibited angiogenesis in a mouse-human chimaeric model [24] . Interestingly, the recombinant 919-1207 residue fragment showed half-maximal binding to endothelial cells at 1.4 nM, whereas shorter fragments covering residues 919-1018 (within LG1) and 1016-1207 (mainly within LG2) showed only weak cell-binding activity. This might explain that neither GST-LG1 nor GST-LG2 showed binding activity (Figure 2A) , since the active 919-1207 residues were separated into two GST-fusion proteins.
When the cell-binding activity of the laminin α4 LG1-LG5 fragment was compared with that of GST-LG4 at a molar concentration level ( Figure 3A) , it showed a half-saturating concentration of approx. 1/50. This suggests that the binding activity of the LG1-LG2 pair to cells through integrins is much greater than that of LG4. The data also show that the affinity of α4 LG4-LG5 was 3-fold higher than that of GST-LG4. This could be indicative of another cell-binding sequence in LG5 or at the boundary between LG4 and LG5, but it is more likely that configurational hindrance of the GST domain might reduce the affinity of GST-LG4. Also the affinity of GST-LG4 for the heparin column was slightly lower than that of the α4 LG4-LG5 fragment (results not shown).
For further confirmation of two distinct cell-binding sites within the laminin α4 G domain, the inhibitory effect of polyclonal antibodies recognizing α4 LG1-LG5 and α4 LG4-LG5 to the binding of HUVECs to the surface coated with α4 LG1-LG5 ( Figure 3B ) or α4 LG4-LG5 ( Figure 3C ) was compared. Cell binding to α4 LG1-LG5 was inhibited by the antibody recognizing α4 LG1-LG5, but not by the antibody recognizing α4 LG4-LG5. In contrast, binding to the α4 LG4-LG5 fragment was strongly inhibited by the antibody recognizing α4 LG4-LG5. Weaker inhibition by the antibody against α4 LG1-LG5 ( Figure 3C ) was probably due to a population of immunoglobulin recognizing LG4. We thus conclude that LG4 is a second and weaker cell-binding site within the laminin α4 G domain. We obtained essentially the same results as in Figure 3 by replacing HUVECs with HT1080 cells (results not shown).
Cell-binding activity of laminin α4 LG4 depends on its heparin-binding activity
The binding of HT1080 cells and HUVECs to the surface coated with GST-LG4 was counteracted by heparin ( Figure 4A ). The activity was lost by treatment of both HT1080 cells and HUVECs with heparitinase I ( Figure 4B ). As well as for heparin, the binding activity was counteracted by heparan sulphate, but not by chondroitin sulphate A and C ( Figures 4C and 4D ). This indicates that the cell-binding activity of the laminin α4 LG4 domain is due to its heparin-and heparan-sulphate-binding activity. By preparing site-directed mutants of the laminin α4 LG4 module in which codons for all basic residues (arginine, lysine and histidine) were mutated to residues coding for alanine, we have recently identified four residues that are crucial for heparin binding [26] . To confirm further the dependency of the cell-binding activity of α4 LG4 to its heparin-binding activity, we took advantage of these mutants [R1520A (Arg 1520 →Ala), K1531A (Lys 1531 →Ala), K1533A (Lys 1533 →Ala) and K1539A (Lys 1539 →Ala); Figures 5A and 5B]. In contrast with the surface coated with wild-type GST-LG4, HUVECs did not bind to the surface coated with these mutants ( Figure 5C ). These data together suggest that the binding of HT1080 cells and HUVECs to GST-LG4 depends on its activity of binding to HSPGs at the cell surface.
Syndecan(s), but not glypican, is responsible for the binding of mammalian cells to laminin α4 LG4
To explore membrane-anchored HSPGs responsible for cell binding, we first screened for the expression of members of the syndecan gene family by RT-PCR on RNA extracted from Figure 6A ). Amplification of cDNA encoding syndecan-1, -2 and -4 could be confirmed for both cell lines, but expression of syndecan-3 could not be detected even after a second round of RT-PCR. For the detection of HSPGs in the membrane fraction of HT1080 cells ( Figure 6B ) and HUVECs ( Figure 6C ), we used monoclonal antibody 3G10 recognizing heparan sulphate stub epitopes which remain after treatment with heparitinase [29] . Based on the size of the core proteins detected in immunoblots, we confirmed the synthesis and localization to membrane fractions of HT1080 cells and HUVECs of syndecan-1, -2 and -4. For syndecan-4, in addition, antibody 8G3 recognizing its cytoplasmic domain was used ( Figures 6B and 6C) . For the identification of glypican-1, which is anchored to the outer leaflet of the plasma membrane through a phosphatidylinositol linkage [33, 34] , we first treated the cells with PI-PLC and detected it as it specifically appeared in the soluble fraction ( Figures 6B  and 6C ). To obtain direct evidence for any interaction of laminin α4 LG4 with membrane-anchored HSPG, we designed a pull-down assay based on the interaction of GST-LG4 with glutathione beads. Immunoblots with monoclonal antibody 3G10 of membrane proteins bound to glutathione beads in the presence of GST-LG4 suggested the interaction with syndecans; however, the possibility of non-specific interactions with the beads could not be excluded. A complex pattern and bands of similar sizes were observed even in a control experiment adding GST alone (results not shown). Antibodies against syndecan-1 and -2 available to us also gave complex patterns that were difficult to interpret, probably due to non-specific interaction (results not shown). Immunoblots with monoclonal antibody 8G3 (Figure 7) , however, gave clear evidence for a specific interaction of syndecan-4 with GST-LG4, but not with GST alone. Thus we suggest that laminin α4 LG4 can interact at least with syndecan-4 at the surface of HUVECs.
HT1080 cells and HUVECs (
As the specific release of glypican-1 from the cell surface ( Figure 6 ) might allow an estimate of its contribution to cell binding to GST-LG4, we prepared HT1080 cells and HUVECs almost completely free from glypican-1 by treatment with PI-PLC ( Figure 8A ). When these cells were plated on dishes coated with GST-LG4, they showed almost full binding activity (Figure 8B) . We thus found that glypican-1 is not needed for binding of HT1080 cells and HUVECs to laminin α4 LG4.
Drosophila haemocyte Kc167 cells bind to mouse laminin α4
LG4 through syndecan, but not glypicans (dally and dally-like protein)
Although the interaction of Drosophila cells with mouse laminin is not of direct physiological relevance, the data summarized in Figure 9 show that the basic mechanism of binding of laminin α4
LG4 to mammalian cells can be shared with corresponding molecules in Drosophila haemocyte Kc167. Among the GST-fusion proteins with α4 LG1, LG2, LG4 and LG5, only GST-LG4 could bind the cells ( Figure 9A ). Although binding was not saturated even at the highest possible concentration, binding was observed at GST-LG4 concentrations greater than 10 µg/ml ( Figure 9B ) as was found for mammalian cells ( Figure 2B ). Binding was diminished by preliminary treatment of the cells with heparitinase I ( Figure 9C ). It was counteracted by pre-incubation of the cells with heparin and heparan sulphate, but not with chondroitin sulphate A and C ( Figures 9D and 9E ). No effect of EDTA could be found ( Figure 9E ), suggesting that bivalent metal ions are not involved in the binding of Kc167 cells to α4
LG4. An advantage of the Drosophila system is that expression of the gene of interest can be knocked down just by the addition of dsRNA encoding a partial sequence of mRNA [35, 36] to the culture medium. In the Drosophila genome, only three core proteins of HSPGs, namely syndecan, dally and dally-like protein, have been identified. The latter two are similar to mammalian glypicans. Therefore it is easy to design experiments addressing the question of which HSPG is important for the binding of Kc167 cells to laminin α4 LG4. As shown in Figure 10 (A), incubation of the cells with dsRNA encoding the mRNA sequence of syndecan, dally or dally-like protein caused specific reduction of corresponding mRNA detected by RT-PCR. When the binding activity of such cells to the dishes coated with GST-LG4 was tested, only the knockdown of syndecan resulted in a statistically significant reduction of the binding activity ( Figure 10B ). Knockdown of dally and dally-like protein caused only a slight decrease in the binding activity.
DISCUSSION
In the present study, the binding activity of laminin α4 LG4 domain was analysed mainly by using GST-fused mouse α4 LG4. It is important to give evidence that LG4 expressed in bacteria is functionally equal to the eukaryotic protein. We addressed this point in experiments not shown and cleaved GST-fused α4 LG4 to obtain a ∼ 23 kDa fragment having the N-terminal sequence of GSSSPR. Separately, we cleaved mouse laminin α4 LG1-LG5 produced in CHO (Chinese-hamster ovary) cells [25] by trypsin to obtain a ∼ 23 kDa fragment having the N-terminal sequence of QYGGTANSR. Except for minor difference in the N-and C-terminal sequences, both fragments covered the main body of α4 LG4 domain. They showed essentially the same elution profile from the heparin column by stepwise increase of NaCl concentration. Furthermore, the elution pattern was the same as that for GST-fused mouse laminin α4 LG4 wild-type shown previously [26] . We thus concluded that GST-fused α4 LG4 is a functional representative for the eukaryotic protein.
Talts et al. [18] concluded that both α4 LG1-LG3 and LG4-LG5 fragments were poor substrates for cell adhesion and had only a low affinity for the α-dystroglycan receptor when compared with the G domains of α1 and α2 chains. However, our evaluation showed that substantially higher affinity of α4 chain LG4 for heparin than other LG domains [25, 26] can create the scaffold for adhesion of mammalian and Drosophila cells. Since cell-binding tests using a series of GST-fusion proteins with α4 LG1-LG5 and differential inhibition of the binding by antibodies recognizing α4
LG1-LG5 and α4 LG4-LG5 showed that this cell-binding site is distinct from that demonstrated for α4 LG1-LG2 [18, 22, 24] , we suggest that the LG4 contains a second cell-binding site in the laminin α4 G domain. When compared on a molar basis, however, the affinity of LG4 for cells was only approx. 1/50 of that of the LG1-LG2 pair. Considering the report on laminin-1 (α1β1γ 1), which shares β1 and γ 1 chains with laminin-8 (α4β1γ 1), that cell-attachment activity was greatly increased by the presence of the C-terminal sequences of β1 and γ 1 chains [37] , the contribution of this syndecan-mediated cell attachment to LG4 is even less strong. Therefore the localization of such a weak cell-binding site adjacent to the stronger sites opens the question about its biological significance. Interestingly, it was found that the LG4-LG5 domains of the α4 chain are proteolytically cleaved in vivo from the main body of laminin-8 [18, 27] . This suggests the possibility that the cell-binding activity of α4 LG4 becomes significant only after its release from laminin-8.
In a model experiment of preparing mouse L cells expressing myc-tagged Wnt1, the product of Wnt1-myc was tightly bound to the cells. It could be released to the culture medium only after addition of sodium suramin. This is due to the interaction of Wnt with cell-surface HSPG [38] , and functional studies of HSPG in Drosophila have shown that dally is required for Wnt signalling [39] . They are also implicated in affecting signalling of Dpp (Decapentaplegic) [40] . Our interesting observation was that addition of a peptide fragment covering the α4 LG4 module at less than 10 nM released Wnt1-myc to the medium. This implies that the LG4-LG5 domains cleaved off from laminin-8 can modify the signalling of morphogenic factors such as Wnt and Dpp. A similar modification is possible for the signalling of FGFs (fibroblast growth factors) and PDGFs (platelet-derived growth factors) which bind to cell-surface HSPGs before the final signalling through the specific receptors. In an ongoing study in our laboratory, we found that de novo adipogenesis in mice at the site of injection of basement membrane (Matrigel) and basic FGF [41] was inhibited by injecting α4 LG4-LG5 together at a concentration of less than 20 nM. These observations together suggest an important function for α4 LG4-LG5: by competing for the binding to HSPGs, α4 LG4-LG5 might modify the signalling of many factors interacting with cell-surface HSGPs before the final signalling step.
The pull-down experiment using glutathione-conjugated beads showed direct interaction of GST-LG4 with at least syndecan-4. The core protein of syndecans is characterized by divergent extracellular domains and highly conserved cytoplasmic tails that contain two constant regions separated by a variable region unique to each family member [42] . Specifically, the variable region of syndecan-4 contains a unique seven-residue binding site for PtdIns(4,5)P 2 involved in protein kinase C activation [42] [43] [44] [45] and multimerization [43, 46] , which is critical for cell spreading and cytoskeletal reorganization [47] . We thus suggest that syndecan-4 is the major HSPG responsible for the binding of cells to dishes coated with GST-LG4.
By specific release of glypican-1 from the surface of HT1080 cells and HUVECs, we have shown that glypican-1 is dispensable for cell binding. We obtained another line of evidence for this conclusion in Drosophila Kc167 cells by targeted knockdown of syndecan, dally or dally-like protein. Whereas knockdown of Drosophila syndecan impaired the biding of Kc167 cells to GST-LG4, knockdown of dally or dally-like protein did not show a marked effect. Considering that the Hep II domain of fibronectin can bind heparan sulphate chains from glypican and syndecan with similar affinity, despite distinct molecular masses of the glycans and differences in the disaccharide and sulphation patterns [47] , it is difficult to understand that α4 LG4 could distinguish between syndecan and glypican to result in the difference in cellbinding activity. Our pull-down experiment suggested binding of α4 LG4 also to glypican-1, but the possibility of its non-specific binding to the beads was difficult to exclude. An important difference of glypicans in contrast with syndecans is that they are anchored to the outer leaflet of the plasma membrane through phosphatidylinositol linkage [33, 34] and do not have a cytoplasmic domain. A plausible explanation for the dispensability of glypican for cell binding might be that even in the case that glypican binds to α4 LG4 in a similar manner as syndecan-4 does, this binding could not create the reorganization of the cytoskeleton as it is essential for cell spreading and adhesion. 
